We examined the outer membrane proteins which appear during the growth of Neisseria gonorrhoeae F62 in complex medium supplemented with 25 ,LM Desferal mesylate, a potent iron chelator. Outer membranes were prepared by Sarkosyl extraction and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Several higher-molecular-weight (74,000 to >94,000) proteins increased under iron-limiting conditions. In addition we observed the appearance of an iron-regulated protein with an apparent molecular weight of 37,000. This protein comigrated with the gonococcal protein I under normal Laemmli gel conditions. By increasing the ionic strength of the lower gel buffer, separation of protein I and the 37,000-dalton iron-regulated protein occurred. The 37,000-dalton protein stained poorly with Coomassie blue. However, when a silver stain was used, the protein appeared as a major component of the gonococcal outer membrane. Production of this 37,000-dalton protein was suppressed by the addition of iron to the medium. An iron-regulated protein with a similar molecular weight was observed in four clinical isolates and in an additional laboratory strain. Peptide mapping indicated that the 37,000-dalton protein was distinct from protein I and was identical between strains of the WI and WII serogroups.
37,000-dalton protein was suppressed by the addition of iron to the medium. An iron-regulated protein with a similar molecular weight was observed in four clinical isolates and in an additional laboratory strain. Peptide mapping indicated that the 37,000-dalton protein was distinct from protein I and was identical between strains of the WI and WII serogroups.
The gonococcal outer membrane (OM) protein profile resembles that of many gram-negative bacteria in that there are relatively few proteins, with one to several predominating (12) . Several of the OM proteins of Neisseria gonorrhoeae have been characterized. The major OM protein, protein I (PI), may account for more than 60% of the total OM protein (12) . This protein functions as a porin through which low-molecular-weight, hydrophilic compounds pass (4) . The molecular weight of PI is strain specific, ranging between 32,000 and 39,000. The variations in molecular weight have been correlated with structural differences as assessed by peptide mapping (26) . These differences have led to the establishment of a serogrouping system based on PI. Using polyclonal antisera, three gonococcal serogroups designated coagglutination (CoA) groups WI, WII, and WIII have been identified (26) .
A second major OM protein has been designated protein III (Plll) (30) . This protein is surface exposed (31) and is common to all strains of gonococci examined. Chemical cross-linking analysis suggests that PIII is associated in vivo with PI (16, 24) . The mobility of PIII in sodium dodecyl sulfate (SDS)-polyacrylamide gels is modified by reducing agents. PIII has an apparent molecular weight of 30 ,000 when electrophoresed under nonreducing conditions and 31,000 when electrophoresed under reducing conditions (19) . Another predominate group of OM proteins has been designated protein Ils (PlIs) (30) . This group of proteins is expressed variably on the surface of gonococci, depending on colony phenotype and other incompletely defined parameters. More than one molecular weight species of this protein group nmay be present in a single strain. PIIs exhibit heatmodifiable behavior in SDS-polyacrylamide gels (11) . PlIs may be involved in attachment to host cells (15) .
Environmental factors can affect OM protein composition. Production of new OM proteins under conditions of iron limitation occurs in many gram-negative bacteria (23) . In Escherichia coli, iron limitation affects the synthesis of six envelope proteins with apparent molecular weights of 90,000, 83,000, 81,000, 78,000, 74,000 and 25,000 (13) . These proteins were designated as iron-regulated membrane proteins. The proteins with apparent molecular weights of 81,000 and 78,000 function as receptors for enterobactin-and ferrichrome-bound iron, respectively. These two proteins together with a 74,000-dalton protein are located in the OM (20) . Another E. coli OM protein designated as FecA has an apparent molecular weight of 80,500 in SDS-polyacrylamide gels. Induction of this protein requires iron limitation as well as the functional iron chelator citrate (33) . A ColV plasmidencoded OM protein with an apparent molecular weight of 74,000 serves as the receptor for ferriaerobactin (6) . Whether this is the same E. coli OM protein mentioned previously remains to be determined.
Production of iron-regulated OM proteins with molecular weights of ca. 80,000 have been reported in Agrobacterium tumefaciens (17) , Vibrio anguillarum (3), and Vibrio cholerae (27) . Norqvist et al. (25) observed that gonococci grown in iron-limited medium produced OM proteins with apparent molecular weights of 76,000, 86,000, and 97,000.
In this study, we examined a number of gonococcal strains grown under iron-limiting conditions. Our results confirm the observation of Norqvist et al. regarding production of the high-molecular-weight OM proteins. In addition, we observed a previously undescribed iron-regulated OM protein with an apparent molecular weight of 37,000, which when visualized with a silver stain appears to be a major OM protein. This report describes the environmental conditions under which this protein is produced, the conditions required for the observation of this protein, and the distribution of this protein among different gonococcal strains. ). An analysis of the complete medium by atomic absorption spectroscopy indicated that it contained 8.0 ± 1.2 ,uM iron. Theoretically, the free iron in this growth medium is limited due to the excess Desferal. This medium will be referred to as low-iron medium. Medium in which iron was not limiting was identical in composition except that Desferal was not added. Defined medium was prepared as described previously (22 Preparation of outer membranes. Gonococcal OMs were prepared by Sarkosyl extraction (5) . Bacteria were washed in a minimal medium and centrifuged. The pellet was suspended in 10 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES) buffer (pH 7.4) containing 0.1% (vol/vol) protease inhibitor (10 mM phenylmethylsulfonyl fluoride in isopropanol). The cells were disrupted by sonication and incubated with DNase (40 ,ug/ml), RNase (40 ,ug/ ml), and 1 mM MgCl2 at 37°C for 15 min. After centrifugation at 3,000 x g for 10 min to remove cell debris, the supernatant was subjected to high-speed centrifugation (48,000 x g for 20 min at 4°C) to sediment the membranes. The membrane pellet was washed once in HEPES buffer plus protease inhibitor, and the membranes were sedimented (48,000 x g for 20 min at 4°C). The membrane pellet was diluted to 2 mg of total protein per ml and incubated with a final concentration of 0.2% (wt/vol) n-lauroyl sarcosine (Sarkosyl) for 10 min at room temperature. The Sarkosyl-insoluble fraction was sedimented by centrifugation (48,000 x g for 20 min at 4°C), washed once in HEPES buffer containing protease inhibitor, suspended in the same buffer, and stored at -70°C. OM protein concentrations were determined by the method of Bradford (2) .
MATERIALS AND METHODS

Organisms
SDS-polyacrylamide gel electrophoresis. OMs (1 mg of protein per ml, final concentration) were solubilized in final sample buffer consisting of 0.0625 M Tris-hydrochloride (pH 6.8), 2.0% (wt/vol) SDS, 10% (vol/vol) glycerol, 0.001% bromophenyl blue, and 5% (vol/vol) 2-mercaptoethanol. Samples were heated at 100°C for 5 min. Unless indicated, 20 ,ug of protein was added per lane. Gel electrophoresis was carried out on slab gels which were 140 mm long and 2 mm thick with the Laemmli gel and buffer formulations (14) modified by the addition of 70 mM NaCl (final concentration) to the separating gel. Various acrylamide concentrations as well as gradients between concentrations were used and are indicated in the text. Electrophoresis was performed at constant current (16 mA) overnight at room temperature.
Visualization of OM proteins. Gels were stained with 0.1% (wt/vol) Coomassie blue G250 (Miles Laboratories, Elkhart, Ind.) in a water:methanol:acetic acid (5:5:2) solution for 2 to 12 h. Acetic acid (10% [vol/vol]) was used to destain the gels. Alternatively, gels were stained by the silver staining method of Tsai and Frasch (32) modified by omission of the periodate oxidation step. Reagents were freshly prepared before each gel was stained. Development of the stain was terminated with a solution containing 10% (vol/vol) ethanol and 5% (vol/vol) acetic acid.
Peptide mapping. Two-dimensional peptide maps were prepared by the method Sandstrom et al. (26) . Proteins were isolated by cutting out the appropriate protein band from a 9.5 to 12.5% gradient acrylamide gel. The bands were lyophilized and stored before preparation of their tryptic peptide maps. RESULTS Identification of an iron-regulated 37,000-dalton protein.
Previous work investigating iron-regulated OM proteins of N. gonorrhoeae examined strain F62 (25) . Therefore, this strain was selected as our prototype for much of this study. Inoculation of iron-limited cells of strain F62 into low-iron medium containing various concentrations of Desferal (0 to 100 ,uM) resulted in a decrease in cell yield with increasing Desferal concentrations (data not shown). In another experiment, the inoculum was grown in iron-sufficient medium and used to inoculate both low-iron and regular medium. Growth of strain F62 in low-iron medium consistently resulted in ca. a 5% increase in the mean generation time when compared with growth in regular medium. The Sarkosyl-insoluble OM protein profiles of strain F62 grown under these two conditions are shown in Fig. 1 . Two high-molecular-weight OM proteins (apparent molecular weights of 103,000 and 79,000) were observed in Coomassie blue-stained gels and were correlated with growth in low-iron medium. The apparent molecular weights of these proteins were similar to those reported by Norqvist et al. (25) . By comparison, an identical SDS-polyacrylamide gel stained with the silver stain revealed four iron-regulated proteins. Two of these proteins were the high-molecular-weight species observed in the Coomassie blue-stained gel; the other two were visualized only with the silver stain and had apparent molecular weights of 37,000 and 19,000. No apparent differences were observed in the OM protein profile of cells harvested from low-iron medium in which the inoculum was grown under iron-limiting or iron-sufficient conditions (data not shown).
The 37,000-dalton (37K) protein was especially interesting because of several unique properties. This protein stained (Fig. 2) . At an acrylamide concentration of 9.5%, two bands were clearly observed by silver staining. The 37K protein stained faintly with Coomassie blue. At an acrylamide concentration of 12.5%, the proteins (37K and PI) did not appear to migrate as separate bands when gels were stained with Coomassie blue. Silver staining of the 12.5% gel revealed that the two proteins, PI and 37K, migrated close together. We did not observe any change in the migration of the 37K protein when the OM preparation was solubilized at room temperature for 30 min or if 2-mercaptoethanol was omitted from the final sample buffer (data not shown).
Growth at pH 6.3 increased the mean generation time by 22% with respect to growth in medium at pH 7.4. The 37K protein was not observed in OMs of cells grown at pH 6.3. If Desferal (25 ,uM) was added to this medium there was a further increase in the mean generation time of ca. 5%; the 37K protein was observed in Sarkosyl-extracted OMs from these cells (Fig. 3) . Thus, the presence of the 37K protein was not due to a decreased growth rate. In addition, the appearance of the 37K protein was not growth phase dependent. It was observed in OM preparations of strain F62 taken from early-, middle-and late-logarithmic-phase cultures grown in low-iron medium. The 37K protein was also 9.5% heavily with the silver stain when 20 ,ug of protein was electrophoresed (Fig. 1) . With 20 6.3 in low-iron medium (+DF) and in regular medium (-DF). The growth medium contained 50 mM HEPES adjusted to a final pH of 6.3 . OM (20 p.g of protein) was electrophoresed as described in the text, and the gels were stained with the silver stain.
observed in cells grown in low-iron defined medium (Fig. 5) . Thus, the production of this protein was probably not an artifact of the medium or the iron chelator used.
Synthesis of the 37K protein was influenced by the concentration of available iron. Strain F62 was grown in lowiron medium (100 Klett units) to permit expression of the 37K protein. These cells were then used to inoculate four Klett flasks containing 50 ml of low-iron medium supplemented with 0, 1, 10, or 100 jxM ferric nitrate. The bacteria were grown to mid-logarithmic phase (80 Klett units) and harvested, and OMs were prepared as previously described. The results (Fig. 4) show that the amount of the 37K protein as well as of the higher-molecular-weight proteins (103,000, 79,000) decreased with increasing concentrations of iron. With low-iron defined medium, the production of the 37K protein was suppressed by the addition of 100 ,uM ferric nitrate (Fig. 5) . Therefore, it seems likely that the synthesis of the 37K protein is regulated by the available iron in the environment. Occurrence The mechanism(s) by which N. gonorrhoeae obtains iron from its environment is incompletely understood. Some pathogens utilize siderophores, soluble low-molecularweight compounds which have a high affinity for iron (23) . These siderophores compete with the host for iron and render it available to the bacterium. In some cases, ironregulated OM proteins function as bacterial receptors for ferric-siderophore complexes (6, 13, 23) A unique 37,000-dalton OM protein is produced under iron-limited conditions by N. gonorrhoeae. This protein is only resolved in SDS-polyacrylamide gels under stringent conditions. One of these conditions appears to be an increased ionic strength within the resolving gel. An increase in ionic strength has been reported to sharpen protein bands in SDS-polyacrylamide gels (29) . This increased resolution may permit PI and the 37K protein to migrate as two distinct bands. However, if a PI with a lower apparent molecular weight (from strain FA171) is run at low ionic strength, the same comigration of 37K and PI occurs. Presumably, the two proteins would separate due to the increased difference between their respective apparent molecular weights (37,000 and 34,000). Therefore, an alternative hypothesis that a subtle alteration in the migration of the 37K protein occurs at increased ionic strength cannot be ruled out at this time. It It has been suggested recently that the silver stain reacts with negatively charged groups on proteins (8). Magnusson et al. (18) observed that the production of new OM proteins in gonococci grown under iron-limited conditions was accompanied by an increase in the negative surface charge of the organism. It is tempting to speculate that the 37K protein may contribute to this increased negative charge.
Production of some OM proteins of Pseudomonas aeruginosa is dependent upon the growth medium used (10) . We observed similar amounts of the 37K protein from gonococci grown in both defined and complex medium. In addition, there was no apparent growth phase-dependent production of the 37K protein. Detectable amounts of the 37K protein were present in OMs of cells grown to stationary phase in normal medium (data not shown). However, we attribute this to the decrease in iron available from the medium by the increased number of cells.
The OM composition of E. coli can be altered by changing its growth rate (25) . Growth of gonococci under conditions of iron limitation increased the mean generation time by ca. 5%. Therefore, we examined whether production of the 37K protein occurred as a consequence of a slower growth rate. Growth at pH 6.3 increased the mean generation time by 22%, yet no increase in the 37K protein was observed. When fully expressed, the continued production of the 37K protein was reduced by the addition of iron in a concentrationdependent fashion. Furthermore, addition of iron to low-iron defined medium before growth of gonococci completely suppressed production of the 37K protein. Thus, it seems likely that the 37K protein is, in some way, regulated by the concentration of free iron.
Several high-molecular-weight iron-regulated OM proteins have been reported in various strains of N. gonorrhoeae (25) . We observed that a 37K protein was present in six strains examined and that its presence was independent of CoA group, auxotype, ability to utilize lactoferrin, and production of the various higher-molecular-weight iron-regulated proteins. Migration of the 37K protein in SDS-polyacrylamide gels appeared identical among all strains examined. Tryptic peptide maps of the 37K protein from two strains (F62 and FA171) which differed in many characteristics (see Table 1 ) were nearly identical. However, some subtle differences were observed. Whether these differences are structurally relevant or merely methodological remains to be seen. PI and the 37K protein shared no common peptides. This negates the possibility that the 37K protein is either a modified or an unprocessed PI and further suggests that it is a unique protein. Additional studies will examine the variability of the 37K protein among gonococcal strains.
To our knowledge, this is the first report of a gonococcal iron-regulated protein with a molecular weight of 37,000. Recently, we observed a protein with the same apparent molecular weight that was produced under iron-limiting conditions by three strains of Neisseria meningitidis. The meningococcal and gonococcal 37K proteins exhibit similar staining characteristics on SDS-polyacrylamide gels. No iron-regulated protein with an apparent molecular weight of 37,000 was observed in a strain of Neisseria lactamica or Neisseriaflavescens. We are presently examining the immunological and structural similarities between the gonococcal and meningococcal 37K proteins. It is tempting to speculate that there is a correlation between production of this protein and pathogenicity among the neisseria. Gonococci and meningococci exhibit similar iron uptake mechanisms; commensal neisseria are apparently different (21, 28) . Therefore, the 37K protein may have a role in the acquisition of iron from an iron-limited environment.
